
, . 13ih Sytnposiutn  on ,VIMZCC  Nuclear l’ower and Propulsion, Albuquerque, 1996

PREI’ARAl’10N  AND SOME PROI’ERTIES  OF N-I’YPE  lr,Col.,Sbj  S01,11) SOLUTIONS

Thicrry  Caillat, C. Ii. Allcvato, Jean-Pierre Flcurial and Alex Borshchcvsky
Jet Propulsion Laboratory

California ]nstitutc  of ‘fcchnology
Pasadena, CA 91109

(81 8) 354-0407

Abstract— — .

A number of studies have been recently devoted to the preparation and charrrctcrimtion  of binary skuttcruditc
materials to investigate their potential as advanced thermoelectric ]natcrials.  ~’hcsc studies show that the potential of
these binary skuttcruditc compounds is limited because of their relatively large thermal col~ductivity.  In order to
achieve high thcrmoclcctl  ic figure of merits for these materials, efforts should focus on thermal conductivity
reduction. Recent results obtained on n-type CoSb3 and IrSbl compounds have shown that n-type skuttcruditc
materials might have a better potential for thcrmoclcctric  applications than p-type materials. The thcnnoclcctric
properties of p-type Ir,Col.,Sbj  solid solutions have bccli rcecntly investigated and it was shown that a substantial
reduction in thermal conductivity was achieved. We prepared and measured some properties of n-type lrXCol.XSb3
solid solutions. The samples arc characterized by large Sccbcck coefficient values and significantly lower thcnnal
conductivity y values than those measured on the binary compounds CoSbj and 1rSb3. A maximum Zf value of about
0.4 was obtained at a temperature of about 300°C. ]mprovcmcnts  in the figure of merit arc possible in this system
by optimization of the doping level.

INTRODUCTION

Skuttcruditc materials have generated a considerable interest as ncw thcnnoclcctric materials over the past few
years. The work was first initiated at the Jet Propulsion Laboratory (JPL) and initially concentrated on the binary
compounds 1rSb3 and CoSb3 (Caillat et al., 1992). Since then, a number of studies have been reported on the
preparation and transport properties of binary skutteruditc compounds A133  with A=Ir, Rh or Co and B=As, Sb or
P. These studies showed that these compounds are scmiconductols with interesting transport properties, especially
high hole mobi]itics. 1 lowcver,  the thcnnoclcctric figue of mcl it of the binary compounds is limited by their
rcIativcly  hi h thermal conductivity. A typical room tcmpcraturc  value for IrSbs  and CoSbj is about 110

-F
mW.cm-l.K  (Caillat c1 al., 1995a and 1995b) (Morclli et al., 1995). Several approac}lcs have already been
considered to reduce the lattice thermal conductivity in this class of materials. ‘1’he first approach, used for many
state-of-the-art thcnnoclcctric  materials, is to form solid solutions bctwccn isostructural  compounds and reduce the
lattice thermal conductivity by increasing the point defect scattering. The preparation and characterization of p-type
lrxCol.,Sb3  solid solutions have been studied (Florshchcvsky et al., 1995) and the results have shown that a
reduction of about 700/o  is achieved for a solid solution with about 12 mOlCO/O of CoSbj.  Another approach which
has been considered to lower the lattice thermal conductivity of skuttcruditc materials is to study the so-called
“filled” skuttcruditcs. in these materials, a rare clement R is inserted in the voids of the unfilled structure resulting
in the formula RM41311 where M=Fc, Ru or 0s and B= P, As or Sb. This clement would substantially scatter the
phonons, resulting ill low thermal conductivity values. Recent studies have shown that low lattice thcnnal
conductivity values can be obtained for such materials (Nolas  et al., 1995) (Tritt et al., 1995) (Morclli and Mcisncr
1995). 1 lowcvcr, mol c work is needed on these materials to improve their electrical properties and fully assess their
potential for thcrmoclcctric  applications.

Although significant reduction in lattice thermal conductivity were obtained for p-type Ir,Col.,Sbj  solid solutions,
the thcnnoclcctric  figure  of merit of these solid solutions is limited mainly because of their relatively low Sccbcck
coefficient values. We dctcl mined that n-type CoSb3  might have a better potential for high Z1 values because the
electron cffcctivc mass is at least onc order of magnitude large] than the hole cffcctivc mass in this material,
resulting in large n-t ypc Sccbcck cocftlcicnt values (Caillat et al., 1995b). 1 lowcvcr,  tllc thermoelectric figure of
merit of n-type IrSb3 and CoSb~ is limited by their relatively larg,c thermal con(iuctivity  N-type lrXCol.XSb3 solid
solutions should }lavc better thermoelectric properties based on lattice thermal conductivity reduction obtained for p-
typc lrxCol.,Sbl  solid solutions. We report in this paper on the preparation of n-type lrXCol.XSb3  solid solution



.

samples and preliminary mcasurcmcnts of their thcrlnoclcctric  properties arc also prcscntcd.

kXPlcRIMllN’I’A1,— — .

No quasibinary alloying behavior was cxpcctcd duc to the incongruent melting character of the compounds
(pcritcctic  decomposition tcmpcraturc  of 1141 “C for IrSb~  and 929°C for CoSb,).  Also the diflcrcncc in lattice

paranlctcl bctwccn  the two compounds is substantial, about 2.3’%.. However, it was shown that a partial solid
solution exist bctwccn  lrSbs and CoSbJ and there is a miscibility gap in the systcm Co, Irl.,SbJ for 0.2<x<0.65.
Samples were prepared by a liquid-solid phase sintc]-ing (LSPS) tcchniquc from clcmcntal powders in amounts C1OSC

to stc]ichiomctric  ratios. Flat bottom 6.35 mm It) qual tz ampoulcs  were ca~bo~l  coated on the inside by cracking
acctonc and then annealed for a short period of time in vacuum. Elemental powders of Ir, Co and dopants were
mixed and placed at the bottom of the ampoulcs.  ‘1’hen, Sb shots were added on top, the ampoulcs were scaled
under vacuum (10-5 I’err), The ampoulcs  were then heated up to 800°C for (oricb solid solutions and up to 950°C
for Ir-rich  solid solutions and held at these tcmpcratul cs for 24 hours. During the process, melted Sb diffused
through tlic metal powders and samples about 6.3 mm in diameter and up to 15 mm long were obtained. The
density of the samples was found to bc bet wccn 85 and 92V0 c)f their rcspcctivc  theoretical density. The properties of
three different compositions were investigated: onc Jr-rich solid solution (Coo Izlro g6bJ) with Pt as dopant and two
Co-rich solid solutions, CoO.g41r0,0&3bJ  and CoO,fIXIrO  lzSbs  with Tc or Pt as dopant,

Samples, polished by standard mctallographic tcchniqucs, were investigated using an optical rnicroscopc  with and
without light polarization or Nomarski contrast to observe thcil quality and llomogcncity. Microprobe analysis
(MPA)  was performed on sclcctcd samples to dctcrminc their atomic composition and the dopant concentration
using a JEOL JXA-733  electron supcrprobc operating at 20 kV of accelerating potential and 25x10-9 A of probe
current. Pure clcmcnts (purity better than 99.80A) were used as starldards and X-my intensity measurements of peak
and background were conducted by wavelength dispersive spcctromctry.  Mass densities were dctcrmincd using the
immersion tcchniquc. Bccausc of the substantial porosity found, I SPS  samples were held for at least 30 minutes in
tolucnc before weighing to allow the liquid to pcnct] ate the pores. A Sicmcns D-500 diffractometer produced
diffractomctry  patterns at room tcmpcraturc. Small additions of Si powders were made to some samples as an
internal standard.

The electrical and thcnnal  transport properties of the samples investigated were measured in the 25-500”C
tcmpcraturc  range. The electrical rcsistivity and the Hall cocfllcicnt were measured by the Van dcr Pauw method
using tungsten probes located on the top surface of the sample as close as possible to the sample’s edge (typically a
1 mm thick, 6.35 mm diameter slice). l’hc Sccbcck  cocfllcicnt mcasurcmcnts were conducted by creating a variable
tcmpcrat  urc diffcrcncc across the sample and measuring the corresponding Iincar variation of its thcnnoclcctric
voltage. Large samples arc usually measured by this tcchniquc  but samples as thin as 1 mm can also be
accommodated. The thermal diffusivity and the heat capacity of sclcctcd samples were measured by a flash
diffusivity tcchniquc. The thermal conductivity was calculated f~onl the measured density, thermal diffusivity and
heat capacity values.

R1tSUl,lS AND DISC[JSS1ON

MPA and X-ray results showed that Co. Irl.,SbJ sanlplcs  with x=O. 12, 0.04 and 0.88 were single phase, in
agrccmcnt with our previous results on p-type Co,lrl.,Sb~ solid sc~lutions (Bors}~chcvsky ct al., 1995). Some room
tcmpcraturc  properties of several n-type Co,lrj.,SbJ samples arc Iistcd in I’able 1. The room temperature Hall
mobilitics of some solid solution samples arc compared to the values for n-type lrSbJ and C.oSbJ in Figure 1.

TABLE 1. Some Room Temperature l’ropcrties  of n-type CoxIrl.,SbJ  Samples: p = electrical rcsistivity (mfl.cm),  n
= carrier concentration (cn3-3), 1 = electron nlobi~cm2/V.s)  and u = Sccbcck  cocflicicnt  (pV/K).

Sample Nominal composition P

‘ El

n P c1

2KD326 CoO.lzlrO  &3bs + 0.2 at.%Pt
——

11.6 2,53 x1O 0.2 -110

11)1)345 COO.g4]r0,r3GSbJ  + 0.2 at. YO’1’c 3.8 ‘— 2.68 X 10r 70 -310 —

2DlJ344  -
——

COO qdIrO.O&bs  + 0.2 at.%Pt 2.8 4.17x 10rr— 53.8 -266
- —  —

4111)347 “ Co. ~Rlro,12Sb3  + 0.2 at.%1’t 2.95 3.08 X 10 IT--– 57.9 -295

1D1J338  ‘“
——

Co. ~~lr~ ,ZSb3 + 0.2 at.%Tc 3.5 2.96 X 10 ‘-–- “58.9 -270
. - - — -  —  .  - - - -  -
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“1’}lc  Ilall mobility for the Ir-rich solid solution sarnplcs arc low likely bccausc conduction by both electron and hole
occur in these sarnplcs,  resulting in relatively large electrical rcsistivity  values and low Sccbcck cocfflcicnt  values
(SCC Table 1). ‘fhc high carrier concentrations measured on these samples al c not extrinsic carrier concentrations.
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I;lGUJW  1. Room tcmpcraturc 1 Ian mobility values as function of carrier conccnt[ation for n-type 1rSb3,  CoSb3,
CoO.12]r08Nb3, COO gdlro  06Sb3  and CoO.88]r012Sb3 solid Sohrtions.

It is clear however that Co-rich solid solution samples have much better I lall mobilitics than sarnplcs  of the Ir-rich
solid solution. 1 Ian mobilitics vahrcs  for Co-rich solid solution samples arc actually C1OSC to those measured for n-
typc CoSbj at the same doping lCVC1. The dccrcasc in carrier mobility cxpcctcd  in solid solutions is lCSS pronounced
for these n-type solid solutions than for their p-type analogs (Ilorshchcvsky  ct al,, 1995) because of the large
diffcrcncc bctwccn }1oIc  and electron mobility in these materials. As a result of the higher electron mobilitics  for Co-
rich solid solution samples, their electrical rcsistivity values arc much lower than for Ir- rich solid solution samples.
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lhc room tcmpcraturc  Sccbcck coefficient values for Co-rich solid solutions range from - 200 to 350 uV/K,  in
agrccmcnt  with the rcsu]ts  obtaincct on n-type IrSbj and C.oSb~. This indicates that, as cxpcctcd,  the electron
cffcctivc  masses arc much larger than the hole masses in CoJr-1.$b3  solid solutions. Good power factor (CX2CJ) vahrcs
arc obtained for the Co-rich solid solution samples and a rnaximuln  room tcmpclaturc  value of about 25 pW.crn-l.
K-2 was calculated for a sample at a doping Icvcl of about 3 x 10’9 cm-3. Figure 2 shows the high tcmpcraturc  values
of the electrical rcsistivity  as a function of inverse tcmpc~aturc  for several samples of Co- and Ir-rich  solid solutions.
The rcsistivity incrcascs with tcmpcraturc UP to about 400”C and then dccrcascs  duc to incrcasirw minoritv carrier
( h o l e s )  condl;ction.  The  corrcspo;ding  Sccbcck cocflicicnt v a l u e s  a r c  s h o w n  i n  Fi~\urc 3. - “
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FIGIJRII  3. Sccbcck coefficient valocs  as function of temperature for n-type Coo l?Iro.wSbj, CoO,gdIrO  OGSbj and
Co0,8t71r0 ]J3bJ solid SOIUtiOnS.
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F’IGURE 4. I’hcrmal  conductivity values as function of inverse tcnlpcraturc fol n-t ypc lrSbs, CoSbj, CoO,l.21r0 S8St13
(A) al~d COO gRIrO.l*Sbj (0) solid solutions.

The values arc Iargc for Co-rich solid solutions and are similar to the variaticms  observed for n-type CoSbj  (Caillat
ct al., 1995b).  ‘1’hc Sccbcck coefficient is ncady constant up to 300°C for Co-rich solid solution samples and



dccrcascs for higher tcnqwrahrrcs  due to conduction by minority carriers. The dmcasc  in thermal conductivity is
illustrated in Figure 4 where typical thermal conductivity vahrcs for the binary compounds IrSbJ  and CoSbs  arc
compared with the thermal conductivity values for several CO-J  ich solid solution samples. The incrcascd  point
defect scattering results in substantial dccrcasc in thermal conductivity. I’hc thermal conductivity of the alloys is
ncady tcmpcraturc indcpcndcnt  and has a vahrc of about 30 mw.cnl”’  .K-’ bctwccn ’200 and SOO°C.  These values arc
in agrccmcnt  with the results obtained on p-type solid solutions (Borshchcvsky  et al., 1995). The values arc not
very different for the two compositions investigated. The thcnnoclcctric figure of merit (ZT) was calculated for
several samples and a maximum value of about 0.4 was obtained at a tcmpcraturc  of about 300°C. This is a
significant improvement compared to the results obtained on n-type 1rSb3  and (“:oSb3 samples. This is duc to a
combination of a significant reduction in thermal conductivity witli a relatively small reduction in carrier mobility.
lurthcr improvements might bc cxpcctcd with optimization of the doping ICVCI. Indeed, the Iowcst  electrical
rcsistivity measured on n-type samples was about 2.8 mSl cm. Future work should focus on preparing n-type Co-
rich solid solution samples with higher doping ICVCIS  in order to obtain electrical rcsistivity values of the order of 1
nlQ.cn~. Preliminary results suggest that Zf vahrcs of about 1 or larger ccnrld bc obtained in the 200 to 500°C
tcmpcraturc range for samples with an electrical rcsistivit y of about 1 nK1.cnl.

CONC1,US1ON

Wc prepared and measured some properties of n-type solid Jr ,Co l.,SbJ solutions. The incrcascd point dcfczt
scattering resulted in a substantial reduction in thermal conductivity for the solid solutions. In addition, n-type
skuttcruditc materials seem to have a better potential for thcrmoclcctric  applications bccausc  the electron cffcctivc
masses arc much larger than the hole cffcctivc masses in the materials, resulting in larger Sccbcck  cocffrcient  values.
A maximum vahrc of about 0.4 was measured at a tcmpcraturc of about 300”C. Further improvements of the tigurc
of merits of these solid solutions arc possible with optimization of preparation tcchniquc and doping lCVC1, and this
promising systcm should bc investigated further.
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The filtering was performed with the GPS Inferred Positioning System Orbit  Analysis
and  Simulation Software (CJIPSY-OASIS) set developed by [he Tracking Systems and
Applications Section at the Jet Propulsion Laboratory, ‘l’he slandard  filter configuration
usecl for MOE production is of the [J-D factori~ed  batch secluential  filter, Nominally,
MOES based on GPS data are created from a 30 hour data fit; SLR-only solutions are
created from a three-day data fit. Solutions from adjacent days would thus have an overlap
ranging from 6 to 48 hours, depending on the data type combinations used. This overlap
provides an opportunity to perform a quality check upon the latter solution. IJncier  normal
conditions, the overlap agrees in the radial component to well m]dcr ten centimeters RMS.

There arc five data combination scenarios which can occur during MOE production: (i)
GPS (AS on) & SI.R, (ii) GPS (AS off) & SI.R, (iii) GPS (AS on), (iv) GPS (AS off),
and (v) SLR only. l~or solutions involving only SLR da~a, the filter strategy is essentially
the same as that for the original SLR-only  “quick-look” orbits, covered in Reference 2.
For solutions involving CiPS data, the basic GI’S orbit determination strategy usually
involves the simultaneous adjustment of: the C)PS and T/P orbits, station and satellite clock
parameters, selected station locations, z,cnith tropospheric delays, and solar pressure
coefficients (scale factors and Y-Ilias),  and car-rim phase biases. If the CJPS constellation
were to provide non-AS data, this would be the nominal strategy. IJI practice however, AS
data is the norm, so it is more reliable to first solve for the (;1’S orbits and clocks, then
ctetcrminc the Tfl’ orbit using the previously determined GPS orbits. With the GPS orbits
fixeci,  solving for the T/I’ orbit (and GPS clocks to account for Selective Availability) with
Anti-Spoofing clata becomes more reliable. This two-part process is LMCCI  regardless of the
AS status; with a similar effort underway for the GPSME”l’  mission (see Reference 4),
there is the possibility of consolidating efforts by only generating one set of GPS orbits for
both orbit determination efforts. As an aclditional  note, to save processing time, no reduced
dynamic iterations are performed in MOl{ production.

The data ecliting  process does change with the AS status; when AS is on, pseuclorange
observable are only used in editing and not in parameter estimation. The origin of this
technique comes from work performed in the Tracking Systems and Applications Section at
J1’I. (see Reference 3). The data editing process for AS clata,  as well as the two-step
approach to orbit cletermination  with AS data was refine(i and automated by Ronalcl
Mucllcrschoen;  Reference 4 gives a cletailcd  description of this process, and how it has
been successfully applied to the TOPEX/1’oseicIon  and GPSh411rl’ missions.

Another approach to hancl]ing GPS data in Anti-Spoofing Mode, but not currently used
by the PVT at present, is given in Refcrellce 5. An approximation of the ionosphere above
T/P was obtained by differencing the single frequency carrier phase and pseudorange
measurements. This difference was then smoothecl with cubic splines  ancl applied to the
observablcs as a rough ionosphere calibration.

OI<l]lT l) ItTl]RMINArJ’ION  IZVALIJA”lION

The MOES are evaluated by their comparison to the independently determined and
highly accurate POE orbits used for GDR production. ]n orclcr to demonstrate the proof-
of-concept of using CJPS  Anti-Spoofing clata to the T/P project, a battery of solutions using
different data tvt)c combinations was created over a comnlcte  10 dav CVCIC. Two methods
arc usecl to e;;luate  these solutions. I:irst,  their
examined, with the raclial  and 3-dinlensional  RSS

agr’eemcnt w~th “the CiSFC P O E  is
values of the comparison being the

6



significant quantities. This comparison is valid since the original intent of- the MOE is to
provide the science community a working orbit for IGI)R interpretation, as a prelude to the
final GDR product which is based on the I)OE. Since the model structure of both the MOE
and POE are similar, this comparison is not heavily corrupted by modeling differences.
Second, the POE itself is only an approximation to the truth. Thus, it is necessary to find a
quality measure which is orbit independent. The crossover variances of these orbits is such
a measure, since high variances indicate corruption of altimeter data by geographically-
correlated orbit error, all else being the same.

]n addition to the proof-of-concept results, MOES recently creatccl  for IGDR production
are compared to the corresj>onding  POE. At the time this document was being prepared,
crossover r~sLllts  for these N40Es would  still not bc avai]ablc  for another month.  l+owever,
radial and 3-D differences are reported for MO13S createcl with Gf’S AS ancl non-AS data
agains[ the POES.

P r o o f - o f - c o n c e p t  R e s u l t s

To demonstrate the validity of incorporating GPS Anti-Spoofing data into MOE
production, orbits were created from 22 I;ebruary  199S to 04 h4arch ] 99S (T/I’ cycle 90).
‘f’hc GPS constellation was in Anti-Spoofing mode this cycle. Also, the Tfl’ spacecraft
passed from one attitude regime to another (fixed yaw to yaw steering); providing a typical
ICVC1 of spacecraft activity to be encountered durirrp, most cycles.

‘1’he set of solutions collected for this dcmollstration  include the following: (i) the
GSFC JGM-3 POE based on the latest models listed in Table 11, (ii) the GSFC JGM-2
POE, which was actually used for the original cycle 90 GDR, (iii) the JGM-2 SI.R-only
MOE, which was actually used for the cycle 90 lGDR, (iv) a JGM-3 SLR-only  orbit, (v) a
JGM-3 GPS-only  (dynamic fit) orbit, and (vi) a JGM-3 GPS/Sl,R  (dynamic fit) orbit.
Orbits (iii) -(vi) were created at JPL by the PVT.

Orbits (ii) -(vi) arc diffcrenced  against the GSI;C DORIS/SI,R JGM-3 POE (see Figure
2), which is considered the most accurate of the set. The comparison of the JGM-2 and
JGM-3 POES demonstrates the magnitude of the orbit solution change brought about by the
geodetic model updates. l,ikewise, going from the JGM-2 to JGM-3 SLR-only  solutions
shows some improvement in the agreement, but not as mLIC}I  as the DORIS/SLR solutions.
l’he GPS-only solution has a level of agreement silnilar to the SI.R-only solution; britlging
the two data types together results in an orbit that approaches the JGM-2 POE agreement
with the JGM-3 POE.

-.

‘In the update to the models used for MOE and Poll production, the change  of gravity field (from JGM-2 to
JGM-3) yields (he most dramatic reduction in geop,raphically  correlated orbit error. As a result, orbits based
on the fonncr  model set a~-c referred to as the “JGM-2” orbits, and those using the later rnodcls arc referred to
as “JGM-3” orbits.
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~Figure 2: Radial & 31> A~reement  wltll Cycle
90 GSE’C (JGM-3) POIt (2/22/95 - 3/4/95)
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l’hc a l t imeter  crossover results  (see FiKurc 3) tell a similar storv.  The model
improvements result in lower crossover variaices  in ‘both the 1.)01 -?1S/S1,~  ancl  SLR-only
fits. ~’he combination of GPS and SI.R data restllt in an orbit with a crossover variance
approaching that of the JGh4-2 POE.
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Figure 3: T/P Altimeter Crossovers:
Cycle 90 (22 February - 04 March 1995)
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A parallel battery of solutions is not yet available for a cycle in which Anti-Spoofing
was turned off. }Iowever,  a GPS/SI.R orbit was created for cycle 43 which has many of
(he characteristics of an MOE (JGM-3 models, dyllarnic fit only, GIPSY-OASIS software).
The crossover variance from that orbit (see Figure 4) is slightly lower than that for the
JGM-3 GSFC POE. The next opportunity to compare MOE and POE crossovers for an
non-AS (3PS constellation will be after the creation of the merged GDRs for 21 June -01
July 1995 (“1’/P cycle 102).
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Figurc 4: T/1’ Altimeter Crossovers:
Cycle 43 (13 - 23 November 1993)
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Actual MOIC Results

‘I’bcne wGPS/SI. RMOEproductio  nmoclebegan  with thestart of Cycle 100on  Ol
June 1995. From late May to late June 1995, MOE production passed through three of the
five possible data type combinations: SLR-only (with JGM-2 Jnoclcls), GPS(AS on)/SLR,
and CJPS(AS off)/SI.R. These orbits, which span cycles 99-102, are compared to their
corrcspondin.g  POE. In Figure 5, the radial RMS agreement between MOES and POES is
plotted for the daily solution. The trend amongst the three different solution types is as
expectccl,  with the GPS (non-AS)/SLR  solution having the best agreement with its
corresponding 1’OE. The difference in the a,grecmcnt between the MOES with AS GPS
data and those with non-AS GPS data can be considered a measure of the orbit clegradation
brought about by the ionosphere. Nevertheless, the (3PS (AS)/Sl.R solutions are still an
improvement over the SLR-only  JGM-2 MOES. likewise, l:i~,ure  6 shows the same trend
for tllree-clil~le~lsiollal  comparisons of the orbits.
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Figure 5: Radial Orbit Differences
Between JPL MOES and GSFC (JGM-3) POES
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Figure 6: 311 Orbit Differmccs
Between JPL MOES and GSFC (JGM-3) POIS
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SUM MA1<Y

The PVT has not only met the mission requirement of sub-clecimeter accuracy
throughout the l/P prime mission, it has both improved the quality of its orbits ancl
rcmovecl its vulnerability to a single data type wittl this upgraclc,  all with minimal resources
and no interruption to mission operations. This paper ciocumcnts  the cooperative effort
between the Tracking Systems and Applications Section and the Navigation and Flight
Mechanics Section to provide precision orbits with minimal resources. Orbit comparisons
ant] crossover statistics show that the accuracy of these “quick-look” orbits approaches that
of the POJ3S supplied to the project during most of the prime mission, even under the
degrading effects of Anti-Spoofing.
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